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Genetic variation has been shown to positively correlate with the strength of the
immune response, especially in vertebrates. Smaller populations have less genetic
diversity than larger populations as a result of random genetic drift. We estimated
heterozygosity levels for six populations, which were known to vary significantly in size^
using 15 microsatellite loci. We wished to see if generalized loss of genetic variation, as
measured by a random sample of neutral loci, would correlate with levels of immune
response to a physical challenge (needle prick). Experiments were performed using the
wolf spider species Rabidosa rabida. Immune response was measured as the natural log
of the ratio of the cell counts after wounding to before wounding. It was found that
heterozygosity and the strength of the immune response were not significantly correlated
with each other. However, the relationship (r^ = 0.44) was positive and approached
significance. Thus, with a larger number of populations we expect that heterozygosity at
neutral molecular markers would correlate significantly with immune response in this
invertebrate model system.
INTRODUCTION
The potential correlation between genetic variation and the strength of the
immune response of an organism is an important topic in both conservation and
evolutionary biology. This is tme because infectious diseases and other parasites are
often powerful forces limiting the geographic range of a species, its coevolutionary
patterns, and its probability of extinction. Because a significant positive correlation exists
between population size and genetic variation (Ledig et al. 1997), one might also expect
to see a relationship between population size and immune response.
Genetic variation is the substrate upon which natural selection acts and by which
evolution proceeds. With greater genetic variation comes a greater ability to evolve.
Reduced genetic variation in a population leads to a lesser ability to produce evolutionary
changes. Factors such as heightened immune response evolve more rapidly in
populations with greater genetic diversity (measured here as expected heterozygosity)
than in those with lesser genetic diversity.
The correlation between population size and levels of genetic diversity in a
population is expected on theoretical grounds. Random genetic drift represents stochastic
changes in allele frequencies through time and in the absence of mutation leads to the
eventual fixation of a single allele at a locus. Thus, smaller populations should have less
genetic diversity than larger populations and a recent review has shown this to be true
empirically (Frankham 1996).
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Because the ability to resist a broad range of diseases and parasites is dependent
in part of genetic diversity, often estimated using expected or observed heterozygosity at
the population level or heterozygosity at the individual level (observed), one expects
theoretically that heterozygosity at a random selection of loci (such as microsatellite loci)
might reflect genetic diversity for disease resistance genes or other generalized immune
responses even if the loci sampled are not directly involved in coding for proteins
involved in the immune response. As discussed next, several scientists have performed
experiments or gathered observational data to test this theory with respect to immune
response.
Reid et al. 2003 studied the relationship between inbreeding levels (how
genetically similar mating individuals are to one another) and immune response in a
pedigreed natural population of song sparrows in Mandarte Island, Canada by measuring
a sparrow’s cell-mediated immune response (CMI) to novel immune challenges (Reid et
al. 2003). The findings of this experiment showed that although there are other factors
that affected immune response (such as age and body condition), 37% of the variation in
CMI levels could be explained by inbreeding. CMI was drastically reduced by a
sparrow’s coefficient of inbreeding—a measure of the degree of inbreeding in a
population which is expressed as the anticipated ratio of homozygous loci in an
individual of a population at which both alleles can be traced back to a common ancestor.
Reid and colleagues suggested that small, inbred populations exhibit an increased
susceptibility to parasitic infection and other immune challenges. Further, the scientists
in this study highlight the fact that immigration into small, inbred populations may
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increase the inbred population’s ability to successfully respond to novel immune
challenges by increasing genetic diversity.
Whiteman et al 2005 studied populations of Buteo galapagoensis, the Galapagos
hawk, and more evidence came to light in support of the link between genetic variation
and immune response (Whiteman et al. 2005). Specifically, the study focused on parasite
load and non-specific natural antibodies (NAb). It was found that levels of NAb were
lower and less variable and genetic diversity was lower in populations with higher levels
of inbreeding than in populations that were relatively outbred. NAb levels were
negatively correlated with parasite load. Smaller, more inbred populations exhibited a
lowered capacity to deal with parasites than their larger, more outbred counterparts.
Further lower within-population variation existed in the smaller populations.
In a third study involving birds. Hale & Briskie (2007) examined the effect of a
severe bottleneck, on a population of an endemic New Zealand robin Petroica australis.
A bottleneck is an abrupt and severe reduction in population size, often resulting fi'om a
major environmental disturbance, which results in loss of genetic diversity. Hale and
Briskie found that in severely bottlenecked populations, the birds expressed lower total
leucocyte and total lymphocyte counts, which is indicative of a reduced immune ability,
than non-bottlenecked populations. Because bottlenecking involves a great decrease in
population size, it leads to loss of genetic diversity, especially allelic diversity. As a
consequence, specific resistance alleles can be lost leading to a reduced or deficient
immune response capability. Indeed, Hale and Briskie found less responsive immune
systems (at the cellular level—in terms of leucocyte and lymphocyte counts) in the
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severely bottlenecked populations that they studied as compared with the less
bottlenecked, more outbred populations.
The same trend as illustrated by the above studies in birds can be found among
the mammals. In widely-cited study, Acevedo-Whitehouse et al 2003 examined the
influences of inbreeding on the response of California sea lions to different pathogens in
the wild. Inbreeding was found to increase susceptibility to pathogens in wild
populations of sea lions. It was found that sick animals exhibit a higher than normal
internal relatedness, a measure which estimates the degree of relatedness of an
individual’s parents and, therefore, the level of inbreeding which exists in the offspring of
that mating. This study identified several different ailments that affect sea lions and
plotted the average internal relatedness of individual’s with each ailment. Trauma was
held as a control, as the assumption was made that any individual is just as likely to
receive a wound due to gunshot, boat accident, or net trapping as any other individual,
regardless of internal relatedness. Sea lions with less internal relatedness were found to
be less likely to suffer from carcinoma, helminth infection, non-specific diseases,
bacterial infection, and algal toxins than those with greater internal relatedness. Further,
it was found that more inbred individuals required more time to recover from ailments
than did more outbred sea lions. It was found that the more outbred sea lions exhibited
greater heterozygosity of the major histocompatibility complex (MHC), a highly gene-
dense region heavily involved in the immune function of most vertebrates, and had a
more effective response to immune challenge than did their more inbred counterparts.
Finally, Acevedo-Whitehouse and colleagues pointed out that in conservation attempts,
inbred individuals could present the dangerous position of serving disproportionately as
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reservoirs for infectious agents after being treated and re-released into the natural
environment.
Cassinello et al. 2001 worked with endangered gazelles {Gazella cuvieri, G.
dama, and G. dorcas) to determine the relationship between coefficient of inbreeding and
parasite burden. The findings of this study suggest that even under favorable
environmental conditions, more highly inbred gazelles are more susceptible to parasitism
than more outbred individuals. Specifically, Cassinello et al 2001 suggested that
heterozygosity at loci involved in immune fimction allows for a greater range of
recognized parasites by the immune system and thus a greater ability for pathogen
resistance. More simply put, reduced fitness is a consequence of lower genetic variation
(as measured by heterozygosity). The study concluded that the gazelle species with the
highest coefficient of inbreeding (Cuvier’s gazelle) also was the most susceptible to
nematode (a parasite) infection. Because parasites are rapidly evolving, high levels
genetic variation are essential to a successful immune response (which can recognize
more varied intruders).
In a study on Soay sheep {Ovis aries\ Coltman et al 1999 suggested that
parasites serve as a means by which natural selection acts to remove more homozygous
individuals. That is, the study served as further evidence that lowered heterozygosity, the
result of inbreeding, is correlated with a heightened susceptibility to parasitism. Coltman
et al also suggested that inbred individuals are more susceptible to parasitic effects due
to overdominance as well as homozygosity of deleterious alleles.
For a final examination of the several published mammalian studies of this nature,
Meagher 1999 examined the relationship between parasite load and genetic diversity in
6
Michigan deer mouse populations. Meagher tested for the prevalence of nematodes in
different populations of the Peromyscus maniculatus deer mouse and found further
evidence that heterozygosity is negatively correlated with parasite prevalence. Meagher
went a step further in this study to show incredibly that when genetic variation is held
constant, population does not play a role in parasite infestation levels.
Though the studies of vertebrates as discussed previously are quite relevant in
developing a correlation between genetic variation and immune response, the remainder
of the studies to be examined, which explore such relationships as exhibited in
invertebrate organisms, are of significantly greater relevance to the current study which
examines the invertebrate wolf spider Rabidosa rabida.
Several experiments have been carried out in the quest to understand bumble bee
immune function. One study tested the hypothesis that genetic diversity is positively
correlated with immune response. Baer & Schmidt-Hempel (1998) showed that bumble
bee colonies with higher genetic diversity had not only lower parasite loads but also
increased reproductive success than did colonies with lower genetic diversity. Further,
Baer & Schmidt-Hempel suggest that because increased genetic diversity leads to
reduced parasite transmission among worker bees, in populations with greater genetic
diversity, a smaller proportion of workers should be infected by a given parasite than
should be observed in populations with lesser genetic diversity.
Another widely-studied invertebrate in terms of genetics is the finit fly
Drosophila melanogaster. Spielman et al 2003 produced further evidence for the
positive correlation between genetic diversity and immune response in a study o^D.
elanogaster which tested the fly’s resistance to both an insecticidal toxin and a livem
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bacteria strain. It was found that inbreeding and loss of genetic diversity were significant
contributors to the reduction of resistance towards both the toxin and bacteria. The study
further suggests that the genetic consequences of small populations are expected to be the
same regardless of the physiological or behavioral mechanisms in place to resist
pathogens and that reduced genetic variation limits the ability of a population to evolve
and resist new invasions, be they parasites, pathogens, habitat degradation, or climate
change. The authors also point to outbreaks of foot-and-mouth and “mad cow” diseases
as consequences of a decrease in genetic diversity in agricultural populations.
In the present study, immune response was measured for individuals of six
different populations of Rabidosa rabida that varied in size. By observing the responses
to an immune challenge, the probability of survival (which ultimately contributes to
chance of reproduction) and therefore degree of relative fitness can be inferred for
different populations. This information can, in turn, be used in selecting populations to
be used in methods of natural pest removal in the agricultural realm as well as aid in




Six field sites in Lafayette and Tate Counties in northern Mississippi (USA),
which contained populations of Rabidosa rabida were identified and selected as
collection sites. Rabidosa rabida is a habitat specialist and is limited to meadows and
fields. The collection sites were isolated firom one another by forest and or a matrix of
human-dominated habitat, such as residential neighborhoods, roads, commercial centers,
etc., with between-neighbor distances ranging fi:om 1.3 to 62.5 km. Gene flow among
these sites was suspected to be very limited or nonexistent based on the patchiness of the
habitat, hostility of the habitat matrix surrounding the habitat patches, and preliminary
data on fitness differences of the individuals in the populations.
With regards to vegetation cover and relief, the collection sites varied
considerably. Most sites were dominated by broom sedge {Andropogan virginicus).
Also, many contained wild blackberry {Rubus sp) and/or kudzu (Pueraria lobata).
Rabidosa rabida matures in mid-June through July, and reproduction occurs in
July and early August. When mature, R. rabida is among the largest of the spiders found
in its habitat. Adult females of this species weigh approximately 600 mg. R. rabida is
semelparous and typically produces 300-400 offspring with a mean weight of 1.05 mg
each.
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Rcihidosa rcihida were collected during late June and early July (when this species
is mature but before it has entered it reproductive time) of2006. Collections were
performed at night when the spiders are most active. Headlamps were employed to
locate eyeshine (which is caused by the reflection of light off the tapeta of the four large
posterior eyes) of the spiders (Dacke et al. 2001). R. rabida had a distinct blue-green
eyeshine which paired with the size of the shine itself made for fairly simple
identification. Difficulties were experienced after rain showers when light reflected
similarly off of beads of water on grasses.
During collection, R. rabida were found primarily on the ends of long grasses.
Rarely, but at times, they were found close to the ground. The spiders were captured
individually by trapping each into a cylindrical vial approximately 8 cm in height and 5
cm in diameter and quickly closing the vial with its plastic lid. Spiders were stored in
these containers until returned to the laboratory (in the same night) where they were
transferred to new containers for the duration of the experiment.
In the laboratory, spiders were held individually in identical 1 gallon plastic
pitchers with their respective loose-fitting lids, which allowed for some minor airflow
between the container and the external environment. Each had soil on the bottom for
burrowing and dried grasses in the container for climbing. On the first night in the
laboratory, containers were misted with water, and each spider was given a cricket to eat.
Subsequently containers were misted with water nightly to prevent desiccation. No
further feeding was necessary as each spider was used for experimentation for a duration
shorter than its feeding cycle.
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Population size
The number of adult spiders in each population was estimated prior to this study
using mark-and-recapture techniques. At night, R. rabida were easily collected using a
headlamp to locate individuals by the light reflected back from the tapeta of their eyes
(the eyeshine method). Because juveniles routinely molt, they cannot be given permanent
identification. Thus, to estimate total population size, repeated mark-and-recapture
estimates were used. Juvenile spiders were captured, clearly marked with non-toxic paint
and then released. The following night, the same site was searched again, and the
population size was estimated using the Lincoln-Peterson method. Mark-and-recapture
estimates were repeated 3-5 times at each site during the course of the growing season.
Once populations consisted of significant (> 15%) proportions of mature (reproductive)
individuals, the mark-and-recapture estimates were stopped. Linear regression with time
as the independent variable and estimated population size as the dependent variable was
then performed to make a best estimate of population size at the onset of the reproductive
season.
Genetic variation
In order to estimate levels of neutral genetic variation, corroborate the estimates of
population size, and support the assumptions of genetic isolation, 15-25 individuals from
each R. rabida population were genotyped at 15 polymorphic microsatellite loci. All
individuals from all populations were sampled in 2004. Genetic Identification Services
designed polymerase chain reaction (PCR) primers for 32 microsatellite containing
clones using DesignerPCR version 1.03 (Research Genetics, Inc.). Of the 32 primer
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pairs, 25 successfully amplified enough product to be easily seen as distinct bands on
3.5% agarose gels. Fifteen loci that were demonstrated to be polymorphic in these
populations were chosen for genotyping. The forward and backward primers used, their
melting temperatures, and the number of alleles at each locus across all populations are
listed in Table 1. Microsatellite loci were scored using the ABI Gene Scan analysis
software version 3.1.2 (Applied Biosystems Inc.). Allele sizes were determined by
comparison to internal standards. To ensure consistent scoring, any amplified sample for
which the scoring was ambiguous was reamplified and rescored.
To estimate overall levels of genetic diversity, the following were calculated using
MS Analyzer (Dieringer & Schlotterer 2003): allele fi:equencies, mean number of alleles
per locus (allelic richness), mean expected heterozygosity, and mean observed
heterozygosity. All genetic variation determination was performed prior to the current
study (Reed et al 2007).
Memo lymph collection
Prior to collection of each spider’s hemolymph, the spider was sedated with
carbon dioxide in a vial similar to the collection vials using a bicycle tire inflator carbon
dioxide pump (which held 12 gram Grosman 15X carbon dioxide cartridges) with the
straw inserted into a small hole in the lid of the plastic vial. After approximately five
seconds of carbon dioxide input into the container and about twenty seconds for the
carbon dioxide to be absorbed through the spider’s cuticle and take effect, the sedated
spider was placed with its dorsal side down on a carbon dioxide plate which let out a
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slow and steady stream of carbon dioxide while hemolymph was extracted jfrom the
Rahidosa rtihida individual.
Hemolymph extraction proceeded as follows: A 31-gauge BD Ultrafine II 8mm
sterile hypodermic needle was used to make an incision in the membrane between the
trochanter and femur—proximal sections of the leg (figure 1). This region was selected
because it was a large enough membrane for insertion of the hypodermic needle, but it
was far enough away from the vital organs housed in the body of the spider, specifically
the heart which is located in the abdomen. A bubble of hemolymph was formed, and
from this bubble, 2 /xL of hemolymph was extracted using a 10 juL micropipette and
placed in a microcentrifuge tube containing 10/xL citrate-dextrose anticoagulant solution
(ACD). The anticoagulant and hemolymph were allowed to mix while the spider was
placed back in its container. Then, 20/xL Dulbecco’s phosphate buffered saline buffer
solution was added to the tube containing the anticoagulant and hemolymph. The tube
capped and shaken vigorously. From this hemolymph-anticoagulant-buffer solution.










Figure 1: Dorsal (left) and ventral (right) external anatomy of a spider,
http://www.nmnh.si.edu/highlight/sem/highlight/spiders/spiders.htm
With the aid of an objective light microscope, absolute cell counts were taken in
the leucocyte counting areas of the hemocytometer chamber. For each spider, four cell
counts were performed—one in each of the leucocyte areas of the counting chamber.
14
This process w as rcjicaicd for each of the four to fourteen Rabidosa rabida individuals in
the population sample to obtain immune response data.
Tw enty-four hours after the initial wounding, this procedure was repeated for
each spider, fhe incision for this second hemolymph extraction was made adjacent to the
initial wound in the same membrane. The second incision was not made directly into the
previous wound due to a second immune response observational experiment coinciding
w'ith the current experiment. This second study did not amount to noteworthy results due
to laek of clarity of photographs taken. However, because it was merely observational in
nature, its existence did not affect the outcome of the current experiment.
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RESULTS
Between four and fourteen individuals were analyzed for leucocyte count from
each of six populations with the mean number of individuals being 10.3 and the median
being 11.5 (Table 2). Because the estimated population size for population E is so small,
only four individuals were analyzed. However, this sample size represents 4.3% of the
estimated population and is actually a larger sample proportional to the total population
than that of any of the other sites. Generally, as population size increased, heterozygosity
also increased.
The average cell counts after wounding (Table 3) were determined by counting
four areas of a hemocytometry chamber and standardizing these values by multiplying
through a dilution factor (based on amount of hemolymph per amount of anti-coagulant
and buffer). The standardized results from the four counting areas were averaged for
each individual. Then, the combined mean of the individual means was determined to
give a population value for average cell count. The results are reported in units of cells
per milliliter of hemolymph. Immune response, which was observed as an increase in
cell count from the time of initial wounding to a measure made twenty-four hours after
the wounding incident, is reported as the natural log of the ratio of the cell counts after
wounding to before wounding. This was done to standardize the values to fit a normal
distribution and so that statistical tests which required this distribution could be employed
in later analysis (Figure 2). Further, this method clearly illustrates the result that all cell
counts increased from initial to final observation. Because natural logs of ratios smaller
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than one (that is one where the numerator, or cell count after wounding for this example,
is smaller than the denominator—initial cell count in this case) produce negative numbers
and natural logs of ratios greater than one produce positive numbers, it can be quickly
and clearly seen by the immune response values reported in Table 3 that all cell counts
increased from initial to final obsen'ation. This shows that an immune response was
indeed demonstrated by this method of obser\^ation.
Table 1. Forward and backward (top and bottom, respectively) primers for each of the
fifteen microsatellite loci used in this study, as well as the melting temperature (TnO, and


































Table 2. Sample size, cslimated number of individuals in the population as estimated
from the Lincoln-Pctcrson method and heterozygosity as estimated from ̂proximately
20 individuals from each population at each of 15 microsatellite  loci.
Population Estimated Number of Individuals in HeterozygositySample
Size Population I
12 0.7186A 14141





Table 3. Average initial cell counts, average cell counts after wounding (cells per
milliliter), and immune response. Immune response was calculated as the natural log of
the ratio of the cell counts after wounding to before wounding.
Population Average Initial Cell Average Cell Count afterSample Immune
Size Count Wounding Response
19159 0.40A 12 12888
0.19B 13 12363 15019
C 168094 18369 0.09
10608 0.30D 11 7878




Immune response was found to be strongly correlated with heterozygosity (figure
2). Though not statistically significant, the p-value (0.08) indicates that the results have
only an 8% probability of being attributed to chance alone rather than to actual
differences in the populations. This trend, combined with low statistical power and the
results of previous studies, suggests that a true relationship exists between heterozygosity
and immune response.
Heterozygosity was found to be strongly correlated with neither initial cell counts
(p = 0.69) nor cell counts after wounding (p = 0.81). That is to say, genetic variation had
no predictive value on the gross number of cells in an individual at any given time.
However, because the change in number of cells in an individual does show a positive
correlation with its population’s genetic variation, it can be said that heterozygosity can
be of value in predicting a population’s level of immune response. That heterozygosity
does not have predictive value in gross initial and later cell counts actually makes clearer
the correlation of heterozygosity and immune response as it illustrates a lack of
correlation for contrast’s sake. Figures 3 and 4 show a nonsignificant and weak negative
correlation between heterozygosity and initial cell counts between heterozygosity values
at X = 0.5 and x = 0.8 (figure 3) and virtually no correlation between heterozygosity and
cell counts after wounding between heterozygosity values at x = 0.5 and x = 0.8 (figure
4). In contrast, figure 1 shows a strong positive correlation. There is no theory known to
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the author which suggests that genetic diversity should be correlated with gross cell
counts, and thus, the lack of correlation shown in figures 3 and 4 was expected.
Figure 2. Results of a linear regression using heterozygosity (H) as the independent
variable and immune response as the dependent variable. The regression is not significant
(p = 0.08, one-tailed test), but approaches significance and statistical power is low. The
regression explains 44% of the variation in immune response (i^=0.44).
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Figure 3. Results of a linear regression using heterozygosity (H) as theindq)endent
cell counts prior to wounding as the dependent variable. TheregrKsion
is nonsignificant (p 0.6^)) and explains virtually none of the variation in cell counts (r^=
variable and logi,,
0.04).
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Figure 4. Rcsulis of a linear regression using heterozygosity (H) as the independent
variable and logK. cell counts after wounding as the dependent variable. The regression is
0.81) and explains virtually none of the variation in cell counts (i^=nonsignificant (p
0.01).
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Because correlation does not imply a cause/effect relationship, it cannot be
definitively stated that an increase in genetic variation has led to increased immune
response, nor can it be stated that increased immune response has led to greater genetic
variation. However, though neither can be assumed, the likelihood of the former is
greater than the likelihood of the latter. According to Occam’s razor, the most likely
explanation for a natural occurrence is the most parsimonious one. Because it can be
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more simply explained (as noted in the imminent discussion) that genetic variation has
led to in an increase in immune response rather than immune response leading to
increased genetic \ ariation, the fomiercan be taken as the more likely explanation.
Simply put, because greater genetic diversity and thus allelic variation have the potential
for strong cvolutionar\ change and because Darwinian evolution follows natural selection
of the fittest, populations with the greatest genetic variation have the greatest potential for
producing the fittest individuals. To explain increased immune response leading to
increased genetic variation would not be directly intuitive and thus not a likely
explanation by Occam's ra/or.
A specific and \ aluable consequence oftlie results ofthe current experiment lies
in agricultural pest control. Because R. rabida feed on a variety of insects and other
invertebrates and do not feed on plant material (Rovner 1989), these spiders can be used
in the removal of herbivorous pests which feed on agricultural crops. The introduction of
a large population of R. rabida with greater genetic diversity is more likely to survive
novel immune challenges and thrive more readily than is a small population of R rabida
with smaller genetic diversity. Further, maintenance of healthy large wolf spider
populations such as Rahidosa rabida can have an additional positive effect on plant
biomass: Even i f a herbivorous pest is not consumed by such a spider, its foraging
behavior has been found to be significantly reduced when chemical cues indicating wolf
spiders’ occurrence are present (Hlivko & Rypstra, 2003). By increasing the pool of
knowledge on population dynamics of these organisms, farmers may someday be able to
rely more heavily on natural “pesticides” such as Rabidosa rabida and move away from
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the use of man\ eomnionK employed laboraiory-created pollutant pesticides of today’s
agricultural pest control practices.
Furtlicr. the current stud\ ser\es as further evidence of heterozygous advantage.
As discussed pre\ lousK , se\ eral studies have continued vai'ious advantages associated
with heterozygosity and large, unhottlenecked populations. The current study supports
this research aiul augments the hypothesis by presenting new data regarding a positive
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